Abstract. Pertussis toxin (PTX) blocks G protein activation and inhibits signal transmission from the activated receptor to effectors that are specific for the G protein-coupled receptor. The aim of the present study was to evaluate the effect of PTX on vascular smooth muscle cells that were stimulated pharmacologically with phenylephrine (α-adrenoceptor agonist), mastoparan-7 (direct G-protein activator) and Bay K8644 (direct calcium channel activator). The changes in perfusion pressure that were proportional to the degree of phenylephrine-induced constriction of rat tail arteries were assessed. Concentration-response curves (CRCs) that were obtained for phenylephrine, mastoparan-7 and Bay K8644 presented a sigmoidal association. A significantly reduced calcium influx to the cytoplasm in the presence of mastoparan-7 resulted in a significant rightward shift of the CRCs with a significant reduction in maximal responses. The presence of PTX did not change mastoparan-7 and Bay K8644-induced contraction, whereas the significant inhibition of phenylephrine-induced contraction was found. The results of the experiments indicated that PTX significantly inhibited phenylephrine-induced contraction of vascular smooth muscle cells by inhibition of calcium influx from the intra-and extracellular calcium space. PTX did not change the smooth muscle contraction that was induced by mastoparan-7 and Bay K8644. The predominant effect of mastoparan-7 may be associated with other binding sites as compared to the G-protein or PTX may bind to other sites than mastoparan-7.
Introduction
Pertussis toxin (PTX) was first described in 1979 following the report of the PTX-induced stimulation mechanism of insulin release from pancreatic islets in rats (1) . The mechanism of PTX action is associated with the inhibition of G protein activation, and thus PTX inhibits the signal transmission from the activated receptor to the effectors that are specific for the G protein-coupled receptor. The inhibitory effect is secondary to adenoside diphosphate-ribosylation of the α-subunit of the G protein (2) . Currently, PTX toxin is commonly used in numerous experimental models of signaling pathways.
Mastoparan-7 demonstrates an inhibitory mechanism of action on G protein, mimicking the action of the active receptor binding to its G protein. Additionally, in certain cell types interactions with phospholipase C (PLC) have been found. Stimulation of PLC has been described previously (3) for rat mast cells and hepatocytes and human HL-60 leukaemia cells, whereas inhibition of PLC has been found for SH-SY5Y human neuro-blastoma cells and human astrocytoma cells (3) . Results of recent studies have indicated that there is a possibility of stimulation of programmable cell death in various types of cells (4) (5) (6) .
Calcium ions play a regulatory role in cell life, but prolonged high concentrations may induce apoptosis, which leads to cell death. Cell stimulation induces an increase in calcium influx into the cytoplasm primarily from intracellular calcium stores and secondarily resulting in binding to structures, including calpain and calcineurin. Calpain belongs to the cysteine proteases family that activates Bid and Bax and promotes their transport to the mitochondria. An excess of Ca 2+ in mitochondria also leads to the release of proapoptotic proteins that are located in the intracellular space; Smac/DIABLO and cytochrome c (7, 8) . The results of our previous study indicated that PTX, as a G-protein inhibitor, is not able to inhibit contraction induced by direct stimulation of G-protein by mastoparan-7 (9) .
The aim of the present study was to evaluate the effect of PTX on vascular smooth muscle cells that were stimulated pharmacologically with phenylephrine (α-adrenoceptor agonist), mastoparan-7 (direct G-protein activator) and Bay K8644 (direct calcium channel activator).
Effect of pertussis toxin on calcium influx
in three contraction models Study design and conduction. Following dissection from the surrounding tissues, a 2-3-cm long segment of a rat tail artery was cannulated and connected to a perfusion device. The distal part was weighed with a 500 mg weight and the tail was placed in a 20-ml container filled with oxygenated Krebs solution at 37˚C (pH 7.4). The samples were prepared in the presence of PTX (100 ng/ml) and were incubated in oxygenated Krebs solution for 24 h. The perfusion pressure was continuously measured. The perfusion solution flow was gradually increased using a peristaltic pump to 1 ml/min, until the optimum perfusion pressure of 2-4 kPa was reached (10, 11) .
Data analysis and statistical procedures.
The investigations were performed on a TSZ-04 system from Experimetria Ltd.
(Budapest, Hungary). The perfusion pressure was measured on BPR-01 and BPR-02 devices, and the vascular smooth muscle tension was measured on a FSG-01 transducer connected with a digital recorder Graphtec GL820 midi Logger. All transducers used in the experiments were made by Experimetria Ltd., and the peristaltic pump was made by Zalimp (Warsaw, Poland). Concentration-response curves (CRCs) were calculated according to the van Rossum method. The maximum response of tissues (E max ) was calculated as a percentage of maximal response for phenylephrine. The half maximal effective concentration (EC 50 ) was estimated using classical pharmacological methods with pD 2 , the negative logarithm of the EC 50 . The number of the CRC and E max was used in all calculations to estimate the statistical significance. Mastoparan-17 was used as a negative control.
The results were presented as mean ± standard deviation. Statistical analysis was performed using the analysis of variance test for multiple comparison of the means. P<0.05 was considered to indicate a statistically significant difference.
Results
The CRC obtained for phenylephrine, mastoparan-7 and Bay K8644 presented a sigmoidal association. The curve obtained for phenylephrine in the presence of PTX was significantly shifted to the right (all values of relative effect from 20 to 100%) with a significant reduction in maximal response, whereas PTX did not significantly modify the CRCs for mastoparan-7 and Bay K8644 (Fig. 1) . Table I shows the calculated pharmacometric date, including E max , EC 50 and pD 2 .
In the presence of PTX, a significant reduction in the calcium influx that was induced by phenyleprine from the intra-and extracellular space was found. For the two phases of contraction, mastoparan-7 induced a significant increase of the perfusion pressure in comparison to its negative control, mastoparan-17. PTX did not change the calcium influx that was induced by mastoparan-7 and did not modify the influx from the extracellular calcium space (phase 2 only) that was induced by Bay K8644 (Fig. 2, Table II) .
Discussion
In the present study, the effect of PTX on arterial contraction induced in three contraction models was compared, including the activation of the α1-adrenoceptor with its selective agonist phenylephrine, the direct activation of G-protein with mastoparan-7 and the direct activation of the L-type calcium channel with Bay K8644. Stimulation with phenylephrine or Bay K8644 resulted in a rapid increase in the perfusion pressure and the maximal responses were achieved in seconds, whereas mastoparan-7-induced contraction required significantly more time; typically the maximal result was observed after 30-40 min of incubation. Additionally, no influence was observed of PTX on contraction induced by the adrenoceptor stimulation pathway elements located on and below the G protein, including mastoparan-7 or Bay K8644. Table II . Maximal perfusion pressure for phenylephrine, mastoparan-7 and Bay K8644-induced contraction activated by calcium influx from intracellular (phase 1) and extracellular calcium stores (phase 2), for controls and in the presence of pertussis toxin (+PTX). PTX consists of two subunits. The first is A-protomer, which ribosylates the α-subunits of heterotrimeric G (i/o) proteins, thus inhibiting the possibility of binding between the active receptor and its G protein. The second subunit, B-oligomer, may induce an intracellular signal transduction cascade by binding to various active proteins located on the cell surface. This is how PTX may modulate the cell by two different, partially independent pathways (12) .
Intracellular calcium phase 1 Extracellular calcium phase 2 -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------
In the experiment performed on the spiral fragments of common carotid arteries, the response to mastoparan-7 was not altered in the presence of PTX and the phospholipase A2 inhibitor, indomethacin. The L-type calcium channel blockade with nifedipine inhibited contractility induced by mastoparan-7. The study indicated that the lack of reversal by nifedypine at higher concentrations of mastoparan-7 may suggest the activation of others than just the G protein targets during the action of mastoparan-7 (13) .
G protein is the cornerstone in the activation of different metabotropic receptors, including α-adrenergic receptors, vasopressin receptors (V1) or angiotensin II receptors, type 1. As the subsequent element in G protein-coupled receptor activation the enzyme is regulated, thereby identifying phospholipase C (PLC) (14) (15) (16) .
Mastoparan-7 penetrates through biological barriers and binds to the G protein binding site ligand receptor and stimulates G protein in an analogical way by activating the receptor. Results of a previous biochemical study indicate that the affinity of mastoparam-7 to various G-proteins differs significantly and is higher for G i and G s in comparison to G q (17) . This is the reason for PTX not modifying the G q11 -dependent contraction of vascular smooth muscle cells following mastoparan-7 stimulation (11). The L-type calcium channel blockers inhibit the calcium influx from extracellular calcium stores only and are able to inhibit this process which is present following the stimulation of the G protein-coupled receptor, mastoparan-7 and Bay K8644 (10, 13, 18, 19) .
Direct stimulation of the L-type calcium channel with Bay K8644 in the present study induced a significant smooth muscle contraction, while the presence of PTX did not inhibit this process. The mechanism of mastoparan-7 action is not clear. Mastoparan-7 may also induce vascular smooth muscle contraction, not only by G-protein activation, but also by modulation and voltage-independent calcium channels (18), inhibition of PLC in low concentration (<3x10 -6 M/l) or activation in high concentrations (>5x10 -6 M/l) (21, 22) . Contraction in the models was induced at a concentration range from 3x10 -10 to 3x10 -6 M/l, and thus the additional inhibition of PLC may be confused with contraction. In view of this, the concentrations used were not sufficiently increased to alter, other than the G-protein elements of the signaling pathway. Contraction in the presence of phenylephrine and mastoparan-7 was induced by calcium influx from intra-and extracellular calcium stores, whereas in the presence of Bay K8644 it was associated with the calcium influx from extracellular calcium stores only. The inhibition of phenylephrine-induced contraction and no inhibition in Bay K8644-induced contraction appears to be clear. However, no change in mastoparan-7-induced contractility may be the result of various binding places on the G-protein or the activation of sites other than the G-protein binding places.
In conclusion, the results of the study have shown that PTX significantly inhibited the phenylephrine-induced contraction of vascular smooth muscle cells by inhibition of the calcium influx from intra-and extracellular calcium space. PTX did not change the smooth muscle contraction induced by mastoparan-7 and Bay K8644. The predominant effect of mastoparan-7 may be associated with sites other than the G-protein binding sites or PTX binds to other sites than that of mastoparan-7.
